The critical relative humidity (CRH ) and the solubility in water of electrolytes are important physical properties that affect the quality of foodstuff, drug, fertilizer, chemical and so on.
The critical relative humidity (CRH ) and the solubility in water of electrolytes are important physical properties that affect the quality of foodstuff, drug, fertilizer, chemical and so on. [1] [2] [3] [4] However, the critical relative humidity is unclearly defined and there is little theoretical study reported. For example, there are two definitions of CRH in pharmaceutics: 1) A water-dissoluble drug powder is sensitive to the humidity of surrounding air, above certain relative humidity, it will adsorb water. The critical relative humidity is defined as the relative humidity of atmosphere above which the drugs powder starts to rapidly adsorb water at a given temperature. 5) 2) There is equilibrium between gasiform water and liquid water in solution. The critical relative humidity is the relative humidity of the surrounding air in equilibrium with the saturated solution of drug at a given temperature. 6) Accordingly, there are two methods to determine the critical relative humidity. 1) The method of the balance curve of humidity adsorption 5) and 2) method of weight change of saturated solution. 6) The former is based on definition 1 and the latter on 2. Definition 2 is in agreement with thermodynamic principle: when the relative humidity in the air in equilibrium with the saturated solution is above the CRH, the solution will absorb water and gain weight; when below it, the solution will lose water and weight; and when just equal to it, the solution will neither absorb nor lose water and keep its weight constant.
The critical relative humidity of drug can be regarded as a thermodynamic property based on definition 2. When disregarding minor factors, the critical relative humidity of drug is closely related to the interaction between molecules of drug and water and the interaction between drug molecules. The stronger the attraction between drug and water molecules is; the more difficult water molecules escape from the solution; and therefore the lower the relative humidity of atmosphere in equilibrium with the saturated solution (i.e. the CRH of the drug) is. On the other hand, the stronger the attraction between drug molecules is; the relatively lower the attraction between drug and water molecules will be; and therefore the higher the CRH of the drug is.
The above analogy can similarly be applied to the solubility of drug in the water. The stronger the attraction between molecules of drug and water is, the higher the solubility is; the stronger the attraction between drug molecules is, the lower the solubility is. So we believe that the higher the solubility is; the lower the CRH will be, and vice versa.
This implies that there is a certain relationship between the critical relative humidity and the solubility. The critical relative humidity could be calculated from the solubility if we can find out this relationship. This will make it possible to obtain the CRH, which is difficult to measure, by measuring the solubility which is relatively easy. This study is important in both application and theory about solutions and it is not found in literatures.
The relationship between the reported critical relative humidity and the solubility, expressed as the total ionic mole fraction (x B ) after ionization, of 21 electrolytes is listed in Table 1 (coloums 3 and 4) and shown in Fig. 1 . A negative correlation is found from the figure between the critical relative humidity and the solubility, which agrees with the above idea about the molecular interaction.
To demonstrate our hypothesis, 21 electrolytes were selected to calculate their critical relative humidity with Raoult's law, modified Debye-Hückel theory and extended NRTL (extended non-random two liquid) model from their solubility. The results indicate the critical relative humidity calculated with extended NRTL model is comparable to these in literatures.
The calculation is programmed by us with the software Matlab 7.0.
Results and Discussions
The solubility of 21 electrolytes at 25°C can be found in the literature. 7) When the solubility at 25°C can not be found, it can be calculated from these at temperatures 0, 10, 20, 30, 40°C with cubic spline interpolation.
8) The molality is conversed from the solubility by Eq. 1: (1) where m is the molality, S is the solubility (expressed as gram of solute per 100 g of water), M M vϩ A vϪ is the molecular weight of electrolytes.
Calculating CRH from Solubility According to Raoult's Law According to Raoult's law, in an aqueous solution, the vapor pressure of water in equilibrium with the solution is proportional to the mole fraction of water and can be expressed as:
where p A is the vapor pressure of water, the constant of proportionality p* A is the vapor pressure of pure water, x A is the mole fraction of water and is also the relative humidity (p A /p* A ) of the atmosphere in equilibrium with the solution. When the solution is saturated, x A is just the critical relative humidity of the electrolyte:
If the electrolyte with the molecular formula M v ϩ A v Ϫ is ionized completely in water, the mole fraction of water is: (4) where n A and n B are the mole numbers of water and the electrolyte in the solution respectively, v ϩ , v Ϫ , and v are the numbers of positive, negative, and total ions in a molecule (vϭv ϩ ϩv Ϫ ).
The mole fraction of water in the saturated solution, i.e. the critical relative humidity of the electrolyte, was calculated according to Raoult's law, and is compared with that reported in literatures. The result is plotted in Fig. 2 and listed in Table 1 (columns 4 and 5).
The data points in the Fig. 2 are the CRH values calculated by Raoult's law (vertical coordinates) vs. the reported ones (abscissa). If the solutions followed Raoult's law (i.e., they were ideal solutions), all the points would be in the straight line. Actually, it is seen from Fig. 2 most of the points are above the straight line, which indicates the calculated values are higher than the reported ones and there is a systematic error especially in low critical relative humidity range (i.e., in high concentration range). It is simply because Raoult's law is a limiting law applied to ideal solution or diluted solution. The electrolyte solution is usually non-ideal solution and there are various complex interactions among the particles in the solution and therefore we can not expect Raoult's law well accords with the electrolyte solution.
Calculating CRH from Solubility According to Modified Debye-Hückel Theory Raoult's law can not well accord with most of the electrolyte solutions because of the neglect of the activity coefficient of water which is closely related to the interactions among the particles. In a real solution the activity of water should be used instead of the mole fraction of water, then Raoult's law can be expressed as, p A ϭp* A a A , combine it and the equation CHRϭp A /p* A , yields:
where a A is the activity of water. Equation 5 indicates the activity of water is just the critical relative humidity of the electrolyte. The standard state of the solvent is pure water and the activity coefficient is 1 for pure water; the standard state of the electrolyte is infinite dilution and the activity coefficient for the electrolyte is 1 at infinite dilution. The aqueous solution of electrolytes is not ideal solution. Electrolyte is dissociated and yields positive and negative ions in water. The interactional electrostatic force which is inversely proportional to the square of the distance between two ions and can operate at long-range distance is called long-range electrostatic interaction. The modified DebyeHückel theory is responsible for this interaction.
In order to reduce the deviation from real solution, Debye and Hückel 9) proposed Debye-Hückel limiting theory. It is assumed that in dilute solutions the electrical interaction is solely responsible for the deviation from real solution. In aqueous solution at 25°C, the mean ionic activity coefficient is expressed as ln g Ϯ ϭϪ1. Latter, based on the assumption that there is fixed distance of closest approach and real feature of the solution, DebyeHückel equation was modified as 7,10) : (6) where g Ϯ is the mean ionic activity coefficient. In ideal solution, the activity of the solvent is the mole fraction of the solvent. In real solutions, we define the osmotic coefficient f as 11) : (7) where x B is the mole fraction of the solute, g A is the activity coefficient of water in the aqueous solution.
Combining Eq. 7 and the Gibbs-Duhem equation (8) Then, combining Eqs. 6 and 8 and after integrating: (9) where zϭ(1/2)(z
The osmotic coefficient can be calculated according to Eq. 9, and then the activity of water in the saturated solution (i.e., the critical relative humidity) can be obtained by Eq. 10 which is rearranged from Eq. 7:
The critical relative humidity of electrolyte was calculated and compared with reported one, the result is shown in Fig. 3 and listed in Table 1 (columns 4 and 6).
Although the points in Fig. 3 are in disorder, they are approximately distributed on both sides of the straight line. Compared with Raoult's law, modified Debye-Hückel theory decreases the systematic error; compared with the reported value, these calculated by the theory still have large error sometimes. Modified Debye-Hückel model is an early theory about the activity coefficient of electrolyte solution. It is simple and without characteristic parameter for each electrolyte. According to this theory, the activity of water in saturated solutions (i.e. the CRH of electrolytes) may be obtained by Eqs. 9 and 10 provided the solubility of electrolyte, the ion charges and the numbers of ions are known. However, this theory is only responsible for the electrostatic interaction between the ions and ignores the other interactions among the solute, solvent and so on. It is only used in dilute solution. Even so, it points out the direction for our farther research.
Calculating CRH from Solubility According to Extended NRTL Model The relationship between the critical relative humidity and the solubility is liquid-gas equilibrium and should be resolved by the principle of thermodynamics. If the gas is regarded as ideal gas, the vapor pressure of water in equilibrium with the solution can be expressed as:
Combining Eq. 11 and Eq. 5, yields:
In extended NRTL model, the excess Gibbs energy of an electrolyte solution is represented by a sum of the contributions of a long-range electrostatic interaction term represented by the Deybe-Hückel model and a short-range interaction. The expression based on the local composition concept is employed to account for the short-range interactions in extended NRTL. Similarly to modified Deybe-Hückel model, the standard states are considered to be pure solvent for the solvent and infinite dilution for solute. The shortrange interactions, which can only operate in a short range distance, include in solvent-solvent, solvent-ion, and nonelectrostatic ion-ion interactions. The extended NRTL model used in the article was proposed by Rahmat Sadeghi in 2006 12) with a high accuracy and simple calculation. The activity coefficient of electrolytes in aqueous solution is represented by a sum of the contribution of a long-range and a short-range interaction term:
where the subscript i represents for the species i in the solution, ln g i LR is the long-range interaction term in the activity coefficient and ln g i SR is the short-range one. In aqueous solution at temperature 298.15 K, and if the closest approach parameter of the ions is regarded as a constant value of 14.9, 12) the long-range interaction term in the activity coefficient can be expressed as: (14) where
is the ionic strength in mole fraction scale.
The short-range term of water in activity coefficient can be expressed as: (15) where X ϩ and X Ϫ is the effective mole fraction of positive and negative ion respectively, X ϩ ϭz ϩ x ϩ , X Ϫ ϭz Ϫ x Ϫ , x ϩ ϭ v ϩ m/(55.49ϩvm), x Ϫ ϭv Ϫ m/(55.49ϩvm) are the mole fractions of positive and negative ions respectively, H ca,m ϭ exp(ϪE ca,m /10ϩk ca,m /RT), H m,ca ϭexp(ϪE m,ca /10ϩk m,ca /RT ). E m,ca , E ca,m , k m,ca /RT and k m,ca /RT are four adjustable energy parameters for different electrolyte which can be found in the literature 12) and are listed in Table 2 . The 21 electrolytes were selected only beacuse their CHR, solubility and the energy parameters can be found in the literature.
After calculating the activity coefficient of water g A according to Eq. 13, the activity of water in saturated solution (i.e. the critical relative humidity) can be simply obtained from Eq. 12. The results are compared with those reported in literatures and are shown in Fig. 4 and listed in Table 1 (columns 4 and 7).
The data points in the Fig. 4 are approximately in the straight line, especially in high CRH range (Ͼ50%). This indicates that the result obtained from extended NRTL theory is much more accurate than those from modified DebyeHückel theory because of the consideration of the shortrange term in extended NRTL model. Also it is seen from Fig. 4 that the calculated CRH is not well comparable to the reported one in low CRH range (Ͻ50%, even so, it is still better than modified Debye-Hückel model).
Conclusion
The authors calculate the critical relative humidity of 21 electrolytes from their solubilities in the light of Raoult's law, modified Debye-Hückel model and NRTL model. The results indicate that the critical relative humidity values calculated by Raoult's law can not accord with the reported ones and there is a systematic error in high concentration range; the values calculated by modified Debye-Hückel model still can not accord with the reported ones well although without systematic error; and the values calculated by extended NRTL are comparable to the reported ones. 
